Unprecedented demands are now placed on clinicians for early diagnosis as we enter into an era of advancing treatment opportunities for the mucopolysaccharidoses (MPS). Biochemical monitoring of any therapeutic avenue will also be prerequisite. To this end, we aimed to identify a range of urinary oligosaccharides that could be used to identify and characterize patients with MPS. We analyzed 94 urine samples from 68 patients with MPS and 26 control individuals for oligosaccharides derived from glycosaminoglycans using electrospray ionization-tandem mass spectrometry. The oligosaccharide profile for each patient group was compared with that of the control group. The Mann-Whitney U test was used to measure the difference between each patient group and the controls for each analyte. Urine samples from patients before and at successive times after bone marrow transplantation were also evaluated. A number of oligosaccharides were identified in the urine of each MPS subtype, and for each of these, specific oligosaccharide profiles were formulated. These profiles enabled the identification of all 68 patients and their subtypes with the exception of MPS IIIB and IIIC. Selected oligosaccharides were used to assess three individuals after a bone marrow transplant, and, in each case, a substantial reduction in the level of diagnostic oligosaccharides, posttransplantation, was observed. The identification and measurement of glycosaminoglycan-derived oligosaccharides in urine provides a sensitive and specific screen for the early identification of individuals with MPS. The resulting oligosaccharide profiles not only characterize subtype but also provide a disease-specific fingerprint for the biochemical monitoring of current and proposed therapies. The mucopolysaccharidoses (MPS) are a group of inherited lysosomal storage disorders characterized by a deficiency in one of the lysosomal enzymes required to degrade glycosaminoglycans (GAG). There are 11 known enzyme deficiencies that give rise to seven distinct types of MPS, with a combined incidence of~1 in 16,000 (1). In all MPS subtypes, partially degraded GAG accumulate in the lysosomes of affected cells and/or are excreted in the urine. The lysosomal storage of GAG leads to the chronic and progressive deterioration of cells, tissues, and organs (2). The MPS share many clinical manifestations, including organomegaly, abnormal facial features, and dysostosis multiplex. Impaired hearing, vision, and joint mobility, as well as abnormal airway and cardiovascular function, are common, although there is wide clinical heterogeneity within each enzyme deficiency. Profound mental retardation is characteristic of the severe forms of MPS I, II, and VII and all subtypes of MPS III. Similar and severe skeletal and joint abnormalities are present in MPS I, II, VI, and VII, whereas MPS IV develops different skeletal pathology.
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The clinical management for MPS is changing, as new treatment options, such as enzyme replacement therapy, that will complement and replace bone marrow transplantation undergo trials. Enzyme replacement therapy is currently available for MPS I (3,4), and clinical trials are in progress for MPS II and VI. Bone marrow transplantation has been used successfully for severe MPS I patients for Ͼ20 y. However, for therapy to achieve a good long-term outcome, particularly for MPS involving central nervous system (CNS) and bone pathology, treatment before the onset of irreversible pathology will be an important benchmark. In addition, prediction of disease severity will play a pivotal role in deciding on therapeutic alternatives. Enzyme replacement therapy is likely to treat only somatic pathology, whereas bone marrow transplantation, if performed early enough, will have an impact on CNS pathology (5) . Similarly, the efficacy gained from enzyme replacement therapy in MPS VI cats has been shown to benefit by commencing therapy at birth (6) . Earlier identification and provision of a prognosis for MPS patients, paralleled with the availability of multiple therapy options, should enable the commencement of therapy before the onset of serious and irreversible clinical symptoms. When therapy is commenced before the onset of clinical symptoms and in the absence of comprehensive natural history studies, biochemical markers of disease activity will be mandatory to evaluate the efficacy of therapy and will be useful for the determination of dosage. To address the need for early diagnosis, prognosis, and an ability to monitor therapy for MPS, we aimed to characterize a biochemical picture of disease activity. Using electrospray ionization-tandem mass spectrometry (ESI-MS/MS), we identified a range of sulfated oligosaccharides, derived from the partial degradation of GAG, in urine from MPS patients. For the most part, these oligosaccharides have a nonreducing terminus that consists of the specific substrate for the deficient enzyme in that particular MPS disorder. It is thought that they arise from endolytic cleavage of larger GAG followed by exolytic trimming to the resistant structures observed.
METHODS
Derivatization of urine samples. Urine samples were submitted to the Women's and Children's Hospital for diagnosis, used with consent, and the hospital ethics committee approved this study. Urine samples (0.5-mol creatinine equivalents) were lyophilized and then resuspended in 100 L of 250 mM of 1-phenyl-3-methyl-5-pyrazolone, 400 mM of NH 4 OH containing 1 nmol of deuterated N-acetylglucosamine-6-sulphate (GlcNAc6S-d 3 ) as described previously (7), and 2 nmol of 4-deoxy-L-threo-hex-4-enopyranosyluronic (133) N-acetylgalactosamine-4-sulphate (⌬UA-GalNAc4S) as internal standards. The derivatization was performed at 70°C for 90 min and then acidified with a 2-fold molar excess of HCO 2 H. Samples were made up to 500 L with H 2 O and then extracted with an equal volume of CHCl 3 to remove excess 1-phenyl-3-methyl-5-pyrazolone and centrifuged at 13,000 ϫ g for 5 min. Solid-phase extraction cartridges (25 mg of C18) were primed with 1 mL each of CH 3 OH and then H 2 O, after which the sample was applied and allowed to enter the solid phase. Samples were desalted with three consecutive 1 mL H 2 O washes and dried on a Supelco Visiprep24 vacuum manifold, and any remaining 1-phenyl-3-methyl-5-pyrazolone was removed with two CH 3 Cl washes. The columns were again dried, and derivatized oligosaccharides were eluted in an aqueous solution of 50% (vol/vol) CH 3 CN/0.025% (vol/vol) HCO 2 H.
Mass spectrometry. Mass spectrometry was performed on a PE Sciex API 3000 triple-quadruple mass spectrometer with a turbo-ionspray source (200°C) and Analyst 1.1 data system. Samples (20 L) were injected into the electrospray source with a Gilson 233 autosampler using a carrying solvent of 50% CH 3 CN/0.025% HCO 2 H in H 2 O at a flow rate of 80 L/min. N 2 was used as the collision gas at a pressure of 2 ϫ 10 Ϫ5 Torr and for the nebulizing process. Quantification of 1-phenyl-3-methyl-5-pyrazolone-derivatized oligosaccharides was performed using multiple-reaction monitoring in negative ion mode. Each ion pair was monitored for 100 ms with a resolution of 1 amu at half-peak height and averaged from continuous scans over the injection period. Relative oligosaccharide levels were calculated by relating the peak heights of the 1-phenyl-3-methyl-5-pyrazolone-oligosaccharides to the peak height of the internal standard. The GlcNAc6S-d 3 was used as the internal standard for the monosaccharides; di-and larger oligosaccharides were related to ⌬UA-GalNAc4S.
Statistical analysis. The Mann-Whitney U test was used to measure the difference between each patient group and the control for each analyte.
RESULTS
A total of 26 oligosaccharides was identified in the urine from a number of MPS and control individuals. They ranged in size from mono-to hexasaccharides consisting of alternating uronic acid (UA) and hexosamine (HN) residues with varying degrees of sulfation and N-acetylation. Proposed structures for these oligosaccharides were suggested on the basis of massto-charge ratios and fragmentation patterns from ESI-MS/MS. Of these 26 oligosaccharides, 10 were shown to be required for the diagnosis of an MPS (Table 1) . For every MPS subtype, at least one analyte-but in the majority of instances, a number of analytes-is significantly elevated or, in one case, decreased relative to the control population. This enabled complete discrimination of each MPS subtype from unaffected individuals. Figure 1A shows the relative levels of the 10 oligosaccharides and their variation in the 26 control samples analyzed. Figure 1B shows a characteristic profile of these 10 oligosaccharides in each of the MPS subtypes. The 15 MPS I patients all could be distinguished by the high levels of a monosulfated di-and trisaccharide [UA-HNAc(S) and UA-HNAc-UA(S)]. These di-and trisaccharides were also elevated in the 13 MPS II patients, but the increase of a hexasaccharide (unknown structure), at proportionately higher levels than the di-and trisaccharide in these patients, enabled discrimination of MPS II from MPS I. MPS IIIA and IIIB patients were easily identified by increased levels of a heparan sulphate-derived disaccharide (HNS-UA) and tetrasaccharide [HNAc-UAHNAc-UA(S)], respectively. There were four MPS IIIC patients included in this study, but only two of these could be discriminated from the control population using the tetrasaccharide [(HNAc-UA)2(S)]. In the other two patients, all analytes were in the normal range; however, the ratio of the hexasaccharide (unknown structure) to the trisaccharide [UA-HN-UA(S)2] delineated all four patients from the control population. Nevertheless, we were unable to differentiate the MPS IIIB from the IIIC subtypes. MPS IIID, IVA, and VI all have previously been identified using a sulfated N-acetylhexosamine (HNAcS) (7, 8) . The MPS VI patients could be distinguished from IVA and IIID patients by an elevated ratio of the monosulfated to disulfated monosaccharide (HNAcS2).
FULLER ET AL.
Only two MPS IIID patients were included in this study, and they could be distinguished from the IVA patients by an elevation in the HNS-UA with a Mann-Whitney U value of 0 (p Ͻ 0.05). Figure 2 shows the relative levels of selected markers in MPS I, IVA, and VI patients who had been treated with bone marrow transplantation. All patients showed a substantial reduction in the level of diagnostic oligosaccharides with time after transplantation. The urine samples from the MPS I patient who received a bone marrow transplant were also assayed for total urinary GAG (9) . A concomitant decrease of the oligosaccharides measured in MPS I was observed with total urinary GAG levels.
DISCUSSION
Cell death and/or exocytosis results in the appearance of high molecular weight GAG and GAG-derived oligosaccharides in the urine of MPS patients at increased levels over that seen in unaffected individuals. These oligosaccharides are probably a consequence of endolytic cleavage of the high molecular weight GAG chains. The nature of the oligosaccharides that are elevated in each MPS disorder is primarily a reflection of the block in catabolism as a result of the enzyme deficiency. The sulfated disaccharide [UA-HNAc(S)] and trisaccharide [UA-HNAc-UA(S)] seen in MPS I contain ␣-Liduronic acid at the nonreducing end as determined by digestion with ␣-L-iduronidase (data not shown). The presence of these oligosaccharides is a direct consequence of the deficiency in ␣-L-iduronidase. In MPS II, oligosaccharides with the same composition are elevated, but they are likely to be structural isomers with the sulphate on the terminal nonreducing ␣-Liduronic acid. The marker used to identify MPS IIIA patients was an HNS-UA, whereas the marker specific for MPS IIIB was a monosulfated tetrasaccharide [(HNAc-UA)2(S)], both showing a nonreducing end specific for the deficient enzyme. We were unable to differentiate the MPS IIIB from the IIIC patients, although it is noteworthy that the incidence of MPS IIIB is seven times higher than that for IIIC (1) . Further work will be required to identify oligosaccharides specific for these two subtypes. MPS IIID, IVA, and VI store GAG with nonreducing end, ␤-linked, sulfated N-acetylhexosamine (HNAcS).
The elevated level of HNAcS in these patients is due to an alternate degradation pathway in which ␤-N-acetylhexosaminidase cleaves the nonreducing end sulfated Nacetylhexosamine (8) . The disulfated monosaccharide (HNAcS2) was also elevated in MPS VI patients, as the N-acetylgalactosamine-4-sulphatase action precedes N-acetylgalactosamine-6-sulphatase action in the hydrolysis of the HNAcS2 (7, 8) . No urine samples were available from MPS VII patients, but an unsulfated trisaccharide (UA-HNAc-UA) has been shown to be elevated in amniotic fluids from affected fetuses and as such should provide a diagnostic marker for MPS VII (unpublished observations). In addition, some oligosaccharides may result from secondary storage, in which lysosomal function is impaired to such a degree that oligosaccharides with nonreducing ends not reflective of the enzyme Figure 1 . Relative levels of GAG-derived oligosaccharides in control and MPS individuals. Urine samples from 26 control samples (A) and 68 MPS individuals representing eight subtypes (B) were analyzed for 10 GAG-derived oligosaccharides. The results were normalized to the control population in which the average value for each analyte was assigned a value of 1. The box plot shows the median level of each analyte in the control group and each MPS subtype (center bar), the 25th and 75th centiles (boxes), and the upper and lower limits (upper and lower bars). The circles and asterisks represent outliers and extreme outliers, respectively. Figure 1 . Continued deficiency accumulate. Nonetheless, they seem to be a minority.
MARKERS FOR THE MUCOPOLYSACCHARIDOSES
In the absence of a family history, diagnosis of MPS can be a long and drawn-out process. Presymptomatic diagnosis for MPS has been proposed through newborn screening programs but has been thwarted by a lack of appropriate technology (10) . The use of ESI-MS/MS has enabled the measurement of GAG-derived oligosaccharides from small amounts (~100 L) of urine to definitively diagnose each MPS type. This type of urine screen is amenable to high throughput and reduces the need for expensive, time-consuming enzymology. Confirmation of the subtype would be required by enzymology but would involve only one enzyme assay. The only exception would be in the instance of MPS IIIB and IIIC, which cannot be delineated and therefore would require two enzyme assays. Extension of this approach into dried blood spots may have application in newborn screening programs for these disorders as either a primary screen or a confirmation test subsequent to a screen.
The potential applicability of these oligosaccharides to monitor effectiveness of therapy regimens was demonstrated by analyzing urine samples from three patients who had been treated by bone marrow transplantation. Both the MPS IVA and VI patients showed a concomitant decrease in HNAcS with time after transplant, with a similar reduction in HNAcS2 in the MPS VI patient. A number of other primary and possibly secondarily stored oligosaccharides were also shown to decrease after bone marrow transplantation in these patients (Fig.  2) , with all analytes approaching normal (a level of 1) within 2-3 y after transplantation. The MPS I patient, with the genotype W402X/Q70X, is predicted to develop a severe phenotype and showed reductions in the primary oligosaccharides [UAHNAcS and UA-HNAc-UA(S)] over the first 2 y after transplant. Total GAG levels were also measured on the MPS I patient and shown to follow the same trend as the individual oligosaccharides (Fig. 2) . Progression of the pathology in this MPS I patient has not continued as predicted from the patient's genotype. These are preliminary results, and follow-up of these and additional patients will be required to fully validate these oligosaccharide markers for the monitoring of therapy for MPS.
The continued development of therapies for MPS raises additional issues. A major hurdle facing clinical trials for enzyme replacement therapy resides in the inability to adequately monitor their efficacy. There is considerable heterogeneity within each MPS subtype even between patients with the same genotype (11), making not only prediction of disease progression arduous but also comparative reference points for clinical trials almost impossible. We observed a correlation in the amount of these oligosaccharides with genotype in a few instances. The levels of most of the oligosaccharides from MPS I patients with genotypes (W402X homozygous and W402X/Q70X) that are known to lead to severe clinical phenotypes were higher than the levels of the same oligosaccharides detected in urine from MPS I patients with mutations (e.g. R89Q) that are known to lead to milder phenotypes (12) . Furthermore, a patient whose MPS IIIA was diagnosed in the fourth decade of life, with very mild symptoms (13) , was shown to have very low levels of the heparan sulphate-derived disaccharide. Notwithstanding these initial observations, creatinine is derived from muscle metabolism and levels increase with age; therefore, for phenotype predictions using this ap- Relative levels of GAG-derived oligosaccharides in urine from MPS-affected individuals before and after bone marrow transplant. Urine samples from MPS I, MPS IVA, and MPS VI patients were collected before transplant and at successive times after transplantation. Each sample was analyzed for GAG-derived oligosaccharides as described, and the results were normalized to the control population, in which each analyte was assigned a value of 1. The MPS I, IVA, and VI patients received bone marrow transplants at 1.2, 1.9, and 12.1 y of age, respectively. Oligosaccharides monitored in each patient were total urinary GAG (ࡗ), HNAcS (᭛), HNAcS2 (□), UA-HNAcS (E), HNAcS-UA (OE), UA-HNAc-UA(S) (Ⅵ), (HNAc-UA)2(S) (‚), and hexasaccharide (F).
proach, affected individuals should be compared with agematched control subjects. We believe that with continued evaluation, GAG-derived oligosaccharides and the metabolic profiles generated by their determination will be instrumental in the clinical management of this diverse and complex group of disorders.
